heading：Single-cell analysis of prostate basal cell carcinoma Abstract As a rare subtype of prostate carcinoma, basal cell carcinoma (BCC) has not been studied extensively and thus lacks systematic molecular characterization. Here we applied single-cell genomic amplification and RNA-Seq to a specimen of human prostate BCC (CK34βE12 + /P63 + /PAP -/PSA -). The mutational landscape was obtained via whole exome sequencing of the amplification mixture of 49 single cells, and the 5 putative driver genes mutated are CASC5, NUTM1, PTPRC, KMT2C and TBX3. The top 3 nucleotide substitutions are C>T, T>C and C>A, similar to common prostate cancer. The distribution of the variant allele frequency values indicated these single cells are from the same tumor clone. The transcriptomes of 69 single cells were obtained, and they were clustered into tumor, stromal and immune cells based on their global transcriptomic profiles. The tumor cells specifically express basal cell markers like KRT5, KRT14 and KRT23, and epithelial markers EPCAM, CDH1 and CD24.
Introduction
Prostate cancer is a heterogeneous disease with complex subtypes and different cell origins [1] [2] [3] , and basal cell carcinoma (BCC) is an extremely rare histological subtype comprising < 0.01% of prostate cancer [4] . Despite being largely regarded as pursuing an indolent clinical course, aggressive behaviors like recurrence or metastasis have been observed and deaths also reported, highlighting the complex and yet poorly understood mechanism [5] [6] [7] [8] [9] . There have been extensive reports on the genomic features of common prostate cancer [10] [11] [12] [13] [14] [15] [16] [17] , and the molecular features of normal human prostate basal cells, prostate basal cell hyperplasia, and basal populations from human prostate cancer have also been reported [18] [19] [20] , but the molecular profile of prostate BCC is still lacking. The mutational and transcriptomic features of this tumor sub-type will thus be valuable for understanding of its tumorigenesis mechanism and development of future clinical treatments.
Single-cell sequencing has evolved to be a powerful tool that provides unprecedented resolution of clinical specimens especially with limited amounts, and marker-free decomposition of the constituent cell types based on single-cell transcriptional profiles allows precise dissection of complex systems such as various tissues or tumors [21] [22] [23] . Here we applied single-cell genomic amplification to a human specimen of prostate BCC and used the mixture of 49 single cells to provide mutational landscape of prostate BCC via whole exome sequencing. We then used single-cell RNA-Seq to obtain the transcriptomes of 69 cells from the same specimen.
Three types of cells, namely tumor, stromal and immune cells, were identified with 6 their molecular features revealed at single-cell resolution, providing a useful resource for not only this prostate cancer subtype but prostate cancer in general.
Results

Histological and immunohistochemical features of human prostate BCC
The tumor exhibited a widespread infiltrative growth pattern under microscopic examination, and individual cells had large pleomorphic nuclei and scant cytoplasm ( Fig. 1) . The tumor was negative for two known prostatic markers, prostatic acid phosphatase (PAP) and prostate-specific antigen (PSA), but strongly expressed CK34βE12 and P63, suggestive of basal cell origin ( Fig. 1 ). Based on the cellular morphology and immunohistochemical staining, we diagnosed it as prostate BCC.
The patient with BCC was resistant to chemotherapy but sensitive to radiotherapy, and followed-up for 32 months without recurrence or metastasis (Supporting Information, Fig. S1 ).
Whole exome sequencing reveals the mutational landscape of prostate BCC
As genetic variations are generally believed to be the causes of tumors, here we tried to reveal the mutational features of prostate BCC. Due to the limited amount of tumor specimens collected, after dissociation of the specimens into single-cell suspension, we first conducted single-cell whole genome multiple displacement amplification (MDA) on a microfluidic-chip. We then used the mixture of amplified products from 49 single cells for whole exome sequencing ( Fig. 2A) . A total of 91 functional exonic mutations were obtained, and 5 of the mutated genes, CASC5, NUTM1, PTPRC, 7 KMT2C and TBX3 are putative driver genes catalogued in the COSMIC Cancer Gene Census (Supporting Information, Fig. S2 ) [24] . Mutations in DNA repair genes are related to poor outcomes of prostate cancers [12, 25] , but few are mutated in this prostate BCC sample such as BRCA2, consistent with good survival of this patient.
The top 3 nucleotide substitutions are C>T, T>C and C>A, which are exactly the same top 3 substitutions in recently reported localized, non-indolent prostate tumors ( Fig. 2B) [13] . This suggests the etiology of prostate BCC is likely the same as common prostate tumors. The major composite COSMIC signatures are Signature 4, 5, 6 and 12 (Fig. 2C ). While the etiologies of Signature 5 and 12 are still unknown, Signature 4 and 6 are associated with smoking and defective DNA mismatch repair, respectively [26] .
By checking the distribution of the variant allele frequency (VAF) of the exonic mutations of prostate BCC, it is clear that most of the variations have VAF values of around 0.5, thus supporting that most of the single cells share a similar mutational background (Fig. 2D ). The VAF values of the 5 driver mutations are also approximately 0.5 ( Fig. 2E ), indicating these single cells are probably originated from the same ancestor and form the major tumor clone. However, there are still some variations with lower VAF values which suggest sub-clonal mutations may have existed in some cells that are acquired during later diversified evolution of the tumor.
To understand whether the prostate BCC is showing similarities to other reported prostate cancer cases, we checked the mutational frequency of the prostate BCC mutated genes in prostate cancer samples collected in cBioPortal [27] . For the 88 genes enquired, only 10 genes are not mutated, and 27 genes are mutated in more than 0.5% of the ~4400 prostate cancer samples (Fig. 2F ). Interestingly, 3 of the driver genes from this study, KMT2C, PTPRC, and TBX3 are also among the top mutated genes, especially KMT2C with mutation rate of ~6%. GSEA/MSigDB enrichment analysis [28] of the mutated genes shows that the top enriched terms are related to cell cycle, cytoskeleton and others ( Fig. 2G ), consistent with its basal cell origin.
Single-cell RNA-Seq reveals the transcriptomic features of prostate BCC
To understand the transcriptional profiles of prostate BCC, we then randomly selected 69 single cells for single-cell RNA-Seq (Fig. 3A) . With a median unique mapping rate of 58.4% and 1.08 million mapped reads, we obtained a median of ~2800 genes per cell (Supporting Information, Fig. S3A ). We used ERCC spike-ins as positive controls, and the high correlation efficiency between single-cells based on the 92 spike-ins confirmed the high quality of the data (Supporting Information, Fig. S3B -D). After filtering 5 outliers, the remaining 64 cells were classified into three clusters based on their global transcriptomic profiles ( Fig. 3B -C). GSEA/MSigDB enrichment analysis identified them as tumor cells (51 cells), stromal cells (7 cells) and immune cells (6 cells) (Fig. 3D ).
The three clusters of cells can also be clearly separated in tSNE plot based on the top genes expressed in each cluster (Fig. 4A ). The tumor cells specifically expressed genes encoding cytokeratins including KRT5, KRT14 and KRT23, which are reliable basal cell markers ( Fig. 4B ). Interestingly, epithelial markers EPCAM, CDH1 and 9 CD24 are also highly expressed in tumor cells. Stromal cells specifically express COL1A2, THY1 and BGN, and immune cells specifically express monocytic marker CD14, CXCL8 and myeloid cell nuclear differentiation antigen MNDA (Fig. 4B ), suggestive of possible innate immune cell infiltration. Immunohistochemical staining confirmed the expression of CK14 (KRT14) at protein level, further proving the reliability of the sequencing data ( Fig. 4C ).
Transcription factors (TFs) covariance network analysis showed that the three clusters demonstrate different transcriptional regulatory status ( Fig. 4D) [31] . The TFs co-variance network provides clues to future dissection of the regulatory mechanism of BCC.
Single-cell analysis of prostate BCC provides new insights to prostate cancer
We then checked the expression of prostate BCC tumor cell specific genes in previously reported luminal and basal cells sorted from normal and cancerous prostates by flow cytometry [18] . The prostate basal cells exhibit higher expression levels of KRT5, KRT14 and KRT23 compared with luminal cells, similarly as our . Another interesting finding is that the BCC immune cells clustered together with some single cells annotated as CTC-candidate, which were likely to be contaminating leukocytes to the CTCs (Fig. 5C ). The single-cell level data also support the above mentioned split of the genes highly expressed in prostate BCC tumor cells, with one group representing genuine BCC markers while the other genes commonly expressed in prostate cancer.
Detection of exonic mutations in single-cell RNA-Seq reads
As our mutational data and single-cell RNA-Seq data were generated from the same prostate BCC specimen, we checked whether the exonic mutations could be detected in RNA-Seq reads. Interestingly, we indeed found mutations in RNA-Seq reads from some single cells for GABPB2, ASTE1, COPS3 and BEX2 (Supporting Information, Fig. S5 ). The variations are only detected in some of the single cells, which are likely because the mutated sites are not always covered by the relatively shallow single-cell RNA-Seq. Another phenomenon is that single cells in RNA-Seq analysis only contained either reference or altered variant, which is probably caused by allelic 1 2 specific expression or allele dropout in RNA-Seq. The consistency of scRNA-Seq data and exome-seq data further suggested the reliability of our prostate BCC data.
Discussion
As a rare malignancy, there has been little research into the molecular characteristics of prostate BCC and no consensus on its treatment. Mostly, such data exist as sporadic reports on immunohistochemical expression in a small number of cases [8, [35] [36] [37] . This study represents the first genomic and transcriptomic profiling of this prostate cancer subtype, and the single-cell resolution transcriptomic data is especially valuable for understanding of not only this subtype but prostate cancer in general.
The molecular features of normal human prostate basal cells [19] , prostate basal cell hyperplasia [20] , and human prostate cancer derived basal populations [18] have been reported recently, and the single-cell transcriptomic profiles of prostate BCC is a good complement to these data for comparison studies and better understanding of prostate cancer cell origin. Most of the current genomics data for prostate cancer are generated using bulk samples [10, 11, 13] , and the single-cell transcriptional profiles of prostate BCC provide an opportunity for deeper utilization of these data. For example, analysis using genes highly expressed in prostate BCC reveals the existence of basal cell features in some bulk samples of prostate cancer, which is consistent with recent classification of prostate cancer samples into basal-like and luminal-like subtypes using the PAM50 classifier [1, 38] . The single-cell resolution profiles of constitutional cell types from prostate BCC provide further advantage for future 1 3 de-convolution of bulk samples [39] , which will maximize the values of current genomic data of prostate cancer.
The prostate BCC patient is still surviving now, indicating this case is an indolent malignancy. Our genomics and transcriptomic analysis of this chemotherapy-resistant but radiotherapy-sensitive prostate BCC provides a useful resource for future dissection of the molecular mechanisms related to the radiotherapy responsiveness and treatment guidance. Mutations that disrupt the function of DNA damage repair genes have been shown to be associated with the aggressive clinical behavior of localized prostate cancer and with cancer-specific mortality [12, [40] [41] [42] , and it has also been reported that men with metastatic prostate cancer and DNA-repair gene mutations have sustained responses to poly-ADP ribose polymerase (PARP) inhibitors and platinum-based chemotherapy [43, 44] . This study showed that the prostate BCC patient with few DNA-repair gene mutations was resistant to chemotherapy, suggesting that we may directly adopt radiotherapy rather than chemotherapy for such conditions. The results indicated that precision treatment of BCC could be more than just a histopathological triviality but be based on association of tumor phenotypes with molecular features.
In summary, single-cell analysis revealed the genomic and transcriptomic landscapes of the rare prostate BCC for the first time. This provides clues for elucidation of the tumorigenesis mechanism, further discovery of biomarkers and therapeutic targets, and better understanding of not only prostate BCC but prostate cancer in general. 1 4 
Methods
Clinical specimens
This study was approved by the Ethnical Review 
Immunohistochemical staining
Immunohistochemical staining was done as previously described [45] , and we used the following primary antibodies: P63 (abcam, ab124762), CK34βE12 (Dako, M0630), CK14 (abcam, ab7800), PAP (Dako, M0792), PSA (Dako, A056201). We used biotinylated universal link antibody as the secondary antibody.
Single-cell genome amplification and whole exome sequencing
Single-cell capture, lysis, reverse-transcription, and whole genome MDA were done in a microfluidic-based C1 DNA-Seq IFC (10~17 μ m, Fluidigm) according to its GSEA/MSigDB enrichment analysis was also conducted for the genes mutated in this prostate BCC.
Single-cell RNA-Seq and data analysis
Single-cell RNA-Seq experiment and analysis were conducted as previously SINGuLAR™ (Fluidigm). GSEA/MSigDB enrichment analysis was conducted for the genes specifically expressed in each cluster to facilitate cell type identification.
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